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Summary Airway response to deep inhalation (DI) may provide information relevant
to the mechanisms of airway obstruction (AO). The hypothesis examined here is that
DI provokes bronchodilation in children during exercise-induced bronchoconstriction
(EIB). EIB was attested in 15 children aged 1073 year (mean7SD) by a decrease in
forced expiratory volume in 1 s (FEV1)X15% from baseline after a free running test.
The respiratory resistance was measured by the forced oscillation technique at 12Hz
using a head generator to vary transrespiratory pressure around the head. The airway
response to DI was estimated by the effect on respiratory conductance (Grs),
calculated as the reciprocal of respiratory resistance in inspiration. During EIB, DI
induced a variable but significant increase in Grs, from 0.08570.023 to
0.10170.029 l hPa1 s1 (P ¼ 0:0003). The post- to pre-DI Grs ratio (1.1970.14) was
found to correlate negatively with EIB-induced reduction in FEV1 (P ¼ 0:02), forced
vital capacity (FVC) (P ¼ 0:01) but not FEV1/FVC, i.e., DI induced more bronchodila-
tion in those children with small EIB associated reduction in FVC. It is concluded that
the bronchodilator effect of DI may be demonstrated in children with EIB. It is
suggested that the associated small airway closure and lung hyperinflation may
contribute to limit this response to DI.
r 2003 Elsevier Science Ltd. All rights reserved.
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Introduction
There is a need to develop lung function tests
that may help to identify the mechanisms of airway
obstruction (AO) in childhood asthma. Evaluating
the effects of a deep inhalation (DI) on airway
calibre may provide information relevant to such
mechanisms.1 In normal subjects at baseline, DI
has been shown to have no systematic effects on
airway resistance2 or to induce slight bronchodila-
tion.3 On the other hand, significant bronchodila-
tion is the usual response during methacholine or
histamine challenge in control subjects and asth-
matics with normal lung function.2,4–6 In contrast,
no change in- or worsening of AO may be observed
during a spontaneous asthma attack.5 The net
effect of DI is attributed to the mechanical
coupling between conducting airways and lung
parenchyma1,7,8 and factors such as bronchial
and peripheral AO and inflammation have been
proposed to be determinant to the response to
DI.8,9 Exercise-induced bronchoconstriction (EIB) is
a common cause of childhood asthma but little is
known regarding the effects of a DI in this
condition. The information is of interest because
the mechanisms that induce AO are quite different
from those responsible for spontaneous asthma
attack or for the airway response to methacholine
challenge.10–12
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The bulk of studies on bronchomotor effects of DI
in adults are based on the comparison of forced
expiratory flows obtained during consecutive par-
tial and maximal manoeuvres.1 Children who may
have difficulties in performing such manoeuvres
reproducibly may benefit from methods requiring
minimal cooperation, such as measurements of
specific airway conductance,4,13 lung resis-
tance6,14–16 or respiratory system resistance.17–19
In acute AO induced by methacholine inhalation in
symptom free pre-school children with a history of
wheeze17 or in children with asthma or chronic
cough and normal lung function18 the DI has been
shown to promote bronchodilation. In the presence
of spontaneous obstruction, some degree of rever-
sibility by DI has been demonstrated in children
with moderate AO while those with mild to severe
AO show either no effect or airway narrowing.19
The aim of this study was to describe the airway
response to DI in children with EIB, in the clinical
setting of the paediatric lung function lab. Airway
function during DI was monitored using the forced
oscillation technique.
Material and methods
Subjects
Fifteen asthmatic children (11 boys) aged 5–16 year
(mean7SD: 1073) were referred to the laboratory
for lung function testing. Body height was
1.3970.14m. Criteria for inclusion in the study
were positive airway response to exercise chal-
lenge and successful DI manoeuvre, as explained in
the protocol. The challenge was performed while
the child had been free of respiratory symptoms for
at least 2 weeks. Beta-agonist medications were
discontinued at least 12 h prior to lung function
measurement. Baseline FVC and FEV1 were 475%
predicted,20 107712% and 98713%, respectively.
In one child unable to cooperate with forced
expiration, the degree of baseline AO was assessed
on the respiratory resistance which was 99%
predicted.21 The parents were encouraged to
attend the laboratory during testing. The proce-
dure was explained and informed consent was
obtained prior to challenge.
Measurements
Respiratory system impedance
The apparatus used for measuring respiratory
impedance and assessing the effect of DI has been
described in details previously.22 Briefly, the child
wore a nose clip and breathed through a mouth-
piece connected to a Fleisch no. 1 pneumotacho-
graph. A sinusoidal pressure variation generated by
a loud speaker at 12Hz was applied around the
subject’s head enclosed in a canopy.22 The so-
called head generator technique allows to minimise
cheek vibration and, in our experience, is well
accepted in children aged 4 years and above. The
signals were analysed oscillation cycle per oscilla-
tion cycle providing 12 measurements per second.
Fourier coefficients of pressure and flow at 12Hz
were computed and combined to obtain respiratory
system resistance and reactance. A filtering proce-
dure consisted in eliminating the data lying outside
the 99% confidence interval18 and proved particu-
larly efficient in eliminating artefacts related to
transient glottis closure and swallowing. In this
study, we used the reciprocal value of respiratory
system resistance in inspiration to express the
respiratory conductance (Grs) which shows linear
relationship to lung volume.
Spirometry
Measurements of FVC and FEV1 were performed by
a trained and experienced technician using an
electronic flowmeter (Masterscope Erich Jaeger
GmbH, Wuertzburg, Germany). Forced expiratory
manoeuvres were repeated up to five times at
baseline. The best curve was selected as the one
with the highest sum FVCþ FEV1, among those
showing early rise to peak flow followed by regular
decrease throughout expiration. The repeatability
of two spirometric measurements performed at 10–
15min interval at baseline has been studied in
another population of 26 children with stable
asthma and of age similar to this study. The mean
coefficients of variation for FVC and FEV1 were 3.2%
and 2.5%, respectively.
Exercise challenge
Exercise challenge consisted of a free running test,
i.e., the child was asked to run outside at his own
speed for 6min or until he/she perceived dyspnoea,
chest tightness or started to cough.
Drug administration
At the end of the session, two puffs of salbutamol
(Ventolines, 100mg/puff) were administered through
a non-electrostatic inhalation chamber (Nes-Spacer,
Astra-Zeneka). Drug delivery was triggered while the
child started to inhale slowly from the chamber. He
or she was then asked to hold his breath for a few
seconds at end inspiration. Normal breathing was
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resumed and the second puff was delivered
similarly. Post-bronchodilator measurements were
performed 10min thereafter.
Protocol
Spirometry was measured at baseline, 5min of
discontinuing exercise and 10 after salbutamol. A
positive airway response to EIB was identified by a
reduction in FEV1X15% 5min after exercise cessa-
tion. Grs measurements were taken at baseline,
about 10min following exercise cessation and after
salbutamol. If the child was unable to perform
reproducible forced expirations, the airway re-
sponse to exercise was based on a decrease in
GrsX25% (i.e., a 50% increase in respiratory
resistance). Each respiratory impedance measure-
ment consisted in two successive acquisitions in
between which the child did not go off the
mouthpiece. The first acquisition during quiet
breathing, lasting for about 30 s, was used to
calculate the mean values of Grs and VT; as
reported in Table 1. During the second acquisition
which lasted for about 1min, the child was asked to
take a deep breath. The criterion to validate the DI
was a volumeXtwice the preceding VT: Grs was
calculated from three respiratory cycles before and
three after the DI. The magnitude of the response
to DI was estimated by the ratio of post- to pre-DI
Grs, referred to as GrsDI/Grs. The effect of
spontaneous variability of Grs on this index was
assessed in another group of 15 children at base-
line. A Grs ratio was calculated in a similar way,
except that the two sets of respiratory cycles were
separated by a normal breath. The corresponding
ratio (mean7SD) was 1.0170.10.
Data analysis
Statistical analysis of the population data was
performed using the Statview software (Abacus
Concepts Inc., Berkeley, CA). An analysis of
variance for repeated measurements was used to
compare the spirometric and respiratory impe-
dance indexes in the three conditions (control,
post-exercise, post-salbutamol). When a F ratio
indicated significant effect, a t test was used to
locate the difference more precisely. Another
ANOVA test was performed on the pre- and post-
DI Grs data to evaluate the effects of this
manoeuvre in each condition. Standard linear
regression analysis was used to evaluate the
relationship of GrsDI/Grs to factors such as height,
% changes in FEV1 and FVC induced by EIB from
baseline (D%FEV1, D%FVC) and difference between
EIB and baseline FEV1/FVC (DFEV1/FVC).
Statistical significance was defined by Po0:05:
Data are expressed as mean7SD.
Results
The decrease in FEV1 induced by exercise was
associated with significant decrease in FVC and
FEV1/FVC and a concurrent decrease in Grs from
baseline (Po0:0001; Table 1). After salbutamol
inhalation, FVC and FEV1 returned to baseline and
Grs to a value slightly but significantly higher than
baseline (P ¼ 0:01; Table 1). There was a trend for a
larger VT after exercise compared with baseline or
salbutamol (P ¼ 0:06; Table 1).
Technically satisfactory DIs were obtained in 12
children at baseline, 15 during EIB and 14 after
ARTICLE IN PRESS
Table 1 Lung function at baseline, after exercise induced bronchoconstriction (EIB) and after bronchodilator
inhalation
Baseline EIB Bronchodilator
FVC (l)a 2.6170.73 2.1870.70* 2.64þ 0.71
1.81–4.39 1.41–3.77 1.74–4.34
FEV1 (l)
a 2.1370.62 1.5370.52* 2.2270.60
1.30–3.83 0.88–2.76 1.55–3.74
FEV1/FVC (%)
a 8277 7077* 8476
69–91 57–80 76–94
VT (l) 0.4870.20 0.5570.20** 0.4770.17
0.26–0.98 0.30–1.04 0.32–0.99
Grs
(l hPa1 s1)
0.14870.042 0.078þ 0.024* 0.18370.051****
0.088–0.233 0.051–0.138 0.109–0.294
First line: mean7SD.Second line: range.FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; VT: tidal volume; Grs:
respiratory system conductance.*Po0.0001 vs. baseline or salbutamol.**P¼ 0.06 vs. baseline or salbutamol.****P¼ 0.01 vs.
baseline.
an¼ 14.
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salbutamol. The inspired volumes amounted to,
respectively, 1.2170.25, 1.2170.40 and
1.3170.35 l, or expressed as % predicted FVC,
55712% at baseline, 52711% during EIB and
57711% after salbutamol. There was no significant
difference among conditions, in DI expressed either
way (P ¼ 0:3).
There was no overall statistically significant
effect of DI on Grs either at baseline (0.1537
0.039 l hPa1 s1 pre-DI vs. 0.15370.042 l hPa1 s1
post-DI) or following inhalation of salbutamol
(0.19570.047 l hPa1 s1 pre-DI vs. 0.2057
0.057 l hPa1 s1 post-DI). By contrast, marked
alterations could be observed during EIB. As a
group, the children showed a significant increase in
Grs after DI, i.e., from 0.08570.023 to
0.10170.029 l hPa1 s1 (P ¼ 0:0003). An example
is shown in Fig. 1: Grs increases markedly during
the DI and returns progressively toward the pre-DI
level. There was little evidence for a change in lung
volume after the DI, by visual inspection of the
tidal volume traces. On inspecting individual data,
although Grs appeared to be increased by DI in all
instances, the magnitude of the response was quite
variable among subjects (Fig. 2). GrsDI/Grs ranged
from 1.02 to 1.52 (1.1970.14) and was found to
correlate with D%FEV1 (P ¼ 0:02), D%FVC (P ¼ 0:01)
(Fig. 3A), but not DFEV1/FVC (P ¼ 0:7; Fig. 3B),
height (P ¼ 0:9) or DI/FVC predicted (P ¼ 0:6). As
expected, D%FVC and D%FEV1 were strongly related
(r ¼ 0:88; Po0:001).
Discussion
To our knowledge, this study is the first demonstra-
tion of the bronchodilator effect of DI in children
with EIB. Also of interest is the finding that the
magnitude of the airway response to DI correlates
with the intensity of the change in FVC but not
FEV1/FVCFinduced by exercise.
Various measurements including FEV1, specific
airway conductance, lung or respiratory resistance
have been used to assess the airway response to DI,
each technique carrying its own specific physiolo-
gical information (e.g.23). With forcing signals, this
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Fig. 1 Respiratory conductance (Grs) and tidal volume (VT) during exercise-induced bronchoconstriction in one child.
The deep inhalation (DI) is associated with the immediate increase in Grs which then returns toward pre-DI level.
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Fig. 2 Respiratory conductance (Grs) before and after
deep inhalation in individual subjects. Note that Grs
increases constantly after the DI but the amplitude of the
change is variable among individuals.
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information is dependent on the excitation fre-
quency. For instance, measurements at very high
frequency have been suggested to specifically
explore the airways.24 With the frequency used in
the present study and upper airway shunt mini-
mised, it was suggested previously that DI-induced
change in respiratory resistance was mainly an
expression of the airway response.18,19 In the
current situation of acute EIB, our observation on
airways effect of DI in children is consistent with
the recent study by Beck et al. in adult asthmatics,
where small but significant decrease in lung
resistance was reported.16
The bronchodilator effect of a DI has been shown
to depend on amplitude of the inspiration in normal
adult subjects.25 Thus validating the DI by refer-
ence to VT could have introduced a bias, particu-
larly for the comparison of GrsDI/Grs among
different conditions. Indeed, since there was a
trend for a larger VT after exercise vs. control or
salbutamol, the lower limit for a validated DI was
larger in the former condition. On the other hand,
lung hyperinflation associated with EIB26 could tend
to decrease the amplitude of the DI. However, the
latter was found not significantly different among
conditions and therefore unlikely to account for the
difference in response between EIB on the one hand
and baseline or salbutamol on the other. This
observation extend our previous findings in a
population of children where bronchoconstriction
was induced by methacholine inhalation18 and DI
was defined on the same criterion. Finally, no
significant correlation was found between GrsDI/Grs
and DI/FVC% predicted.
Volume history may play a significant role in
determining the degree of induced bronchocon-
striction since, in normal subjects, the prevention
of DIs may precipitate the airway response to
methacholine 27,28 while DIs repeated prior to
methacholine challenge have been shown to pro-
vide bronchoprotection in normal subjects.29 It has
been suggested that the bronchoprotective effects
of DI was absent in asthmatics,29 although the
findings have recently been challenged.30 To our
knowledge, there is little data on the effects of
similar alterations in the breathing pattern on the
airway response to exercise in subjects with
exercise-induced asthma. The only relevant infor-
mation comes from the study by Beck et al. who did
not demonstrate a significant difference in the
change in lung resistance during EIB when the same
subjects were tested with and without forced
expiration manoeuvres.16 In our study, forced vital
capacity manoeuvres were avoided at least 3min
prior to the DI and breathing was monitored during
the minute immediately preceding to ensure that
no spontaneous sigh would occur at this time. The
bronchodilation induced by DI has been shown to
subside with a time constant of ca. 12 s in adults
following methacholine inhalation,4 although long-
er estimates have been suggested from further
studies in healthy subjects.15
The effects of DI on bronchial calibre may be
analysed on the basis of the relative hysteresis of
lung parenchyma and conducting airways which are
mechanically interdependent.7 Hysteresis ex-
presses the imperfect elasticity of any mechanical
system and is represented by the looping of its
pressure–volume curve. In response to the stretch
induced by DI, the dead space airways dilate or
constrict, depending on whether they have, re-
spectively, larger or smaller degree of hysteresis
than alveolar airspaces.7 Measurements of trans-
pulmonary pressure–volume relationships in situa-
tions of acute AO give support to this analysis.8,31
Because hysteresis of the conducting airway wall is
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Fig. 3 (A) Post-deep inhalation (DI) to pre-DI respiratory
conductance ratio (GrsDI/Grs) during exercise-induced
bronchoconstriction (EIB) is plotted against magnitude of
EIB-induced reduction from baseline in FEV1 (D%FEV1)
and in forced vital capacity (D%FVC). Both correlations
are statistically significant (respective P values: 0.02 and
0.01). (B) Plot of GrsDI/Grs against FEV1/FVC difference
between EIB and baseline shows lack of correlation
(P ¼ 0:7).
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mainly determined by the degree of smooth muscle
contraction,32 DI usually induces bronchodilation in
a context of acute bronchoconstriction.2,5 This
effect has recently been identified in children
during methacholine challenge17,18 and the current
observations demonstrate this general pattern of
response to DI may be extended to children with
EIB. It may also be inferred from the fact that DI
promoted bronchodilation that airways and par-
enchyma were readily interacting. Since inflamma-
tion and oedema in the bronchial wall have been
hypothesised to uncouple conducting airway wall
and lung parenchyma,33 the observation suggests
thatFif present at this stage of the respon-
seFbronchial inflammation was not significant
enough to alter the mechanical interdependence
between airways and lung tissues.
Although as a group, the children with EIB
showed significant increase in Grs after DI, there
was a marked variation among individual responses
(Fig. 2). The data on within-subject Grs variability
suggest that an increase of less than 10% probably is
within the range of spontaneous fluctuation. Inter-
estingly however, none of the subjects with EIB
showed GrsDI/Grs smaller than 1, i.e., there was no
evidence of significant DI-induced bronchoconstric-
tion. Furthermore, while the increase in Grs was
statistically significant during EIB, this was not the
case at baseline. Interestingly, the correlation
between GrsDI/Grs and D%FEV1 suggests that part
of the variability is accounted for by the degree of
induced AO. According to a previous suggestion, the
FEV1 response was analysed in terms of change in
FVCFthat should reflect the degree of airway
closure and gas trapping, i.e., excessive airway
narrowingFand change in FEV1/FVCFthat should
reflect the degree of smooth muscle contractility.34
The findings that GrsDI/Grs correlated with D%FVC
but not DFEV1/FVC (Fig. 3) suggest that excessive
airway narrowing was determinant to the airway
response to DI during EIB. The change in FVC
reflects hyperinflation and should be associated
with an increase in residual volume.34 Since body
plethysmography was not performed, a direct
evidence to such alteration in absolute lung
volume could not be provided. On the other
hand, that EIB may be associated with significant
hyperinflation has been documented in the litera-
ture (see 26 for review). Also, it has been suggested
that some patients with lung hyperinflation during
EIB also demonstrated loss of elastic lung re-
coil.35,36 Whatever the mechanism(s) that account
for these alterations, both the peripheral airway
contraction and the lung hyperinflation are
expected to concur to increase lung hysteresis.8
This in turn may balance the increase in more
central airway wall hysteresis associated with
the bronchoconstriction. In keeping with Froeb
and Mead’s analysis,7 a DI performed in this
context would be less efficient in promoting
bronchodilation.
It is concluded that, as a group, these children
selected on evidence of EIB demonstrate broncho-
dilation in response to DI. It is suggested that larger
bronchodilator effects are associated with smaller
exercise-induced reduction in FVC. The interpreta-
tion is in keeping with that proposed in adult
subjects with pharmacologically induced acute
airway obstruction.8,31 During mild EIB, smooth
muscle contraction limited to more central airways
leads to an increase in conducting airways wall
hysteresis, favouring bronchodilation as the net
expression of the response to DI. With more severe
EIB, the bronchodilator effect of DI is minimised
because a simultaneous increase in parenchymal
hysteresis results from small airways closure and
lung hyperinflation.
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